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Introduction
Paragraph Number 1 Marked (several-fold) elevations in circulating concentrations of the inflammation-responsive cytokine interleukin-6 (IL-6) immediately after strenuous exercise are associated with subsequent rises in the plasma concentrations of anti-inflammatory cytokines including IL-1 receptor antagonist (IL-1ra), IL-10 and the soluble tumor necrosis factor (TNF) receptors (17, 21) . It is suggested this transient anti-inflammatory environment may be partly responsible for the positive effects of regular exercise in reducing circulating concentrations of IL-6 at rest via actions on adipocyte TNF-α and IL-6 release (7). Sustained low-level increases in plasma levels of TNF-α and IL-6 have been related to the future development of long-term conditions including CVD and type II diabetes (7) .
Paragraph Number 2 Contracting skeletal muscle has been confirmed as the primary source of elevated concentrations of plasma IL-6 following exercise (23, 24) . The rise in cytosolic calcium (Ca 2+ ) within contracting myofibres is believed to be a key stimulus for IL-6 release (18) . In addition, a cross-talk between Ca 2+ -dependent and stress-induced mitogen-activated protein kinase (MAPK)-dependent cell signalling pathways has also been shown to increase skeletal muscle IL-6 mRNA expression, particularly in the presence of low muscle glycogen (3, 18) . In contrast, the role of the sympathetic nervous system (SNS) in the regulation of the IL-6 response is less clear. Steensberg et al. (22) reported a 29-fold increase in circulating IL-6 following a 2.5 h strenuous treadmill run in endurance trained, able-bodied participants.
However, infusing epinephrine at rest to the same circulating concentrations as observed during exercise resulted in only a 6-fold increase in plasma IL-6. Therefore it has been suggested that the SNS plays only a minor role in exercise-induced elevations in plasma IL-6 concentration (5, 22) . In contrast both chemical, central and peripheral sympathetic denervation using 6-hydroxydopamine inhibited the plasma IL-6 response to exercise in rats (29) . To confirm the contribution of the SNS to the exercise-induced IL-6 response in humans an in vivo model of attenuated SNS activity is needed. This would allow greater understanding of the mechanisms underlying the IL-6 response to acute exercise in humans.
Paragraph Number 3 An injury to the spinal cord results in the loss of central nervous system function below the level of the lesion, with the loss of function relative to the level and the completeness of the injury (10) . The neurons of the sympathetic nervous system are mainly located in the thoracic spinal cord (T1 -L1) and a complete injury above the 6 th thoracic vertebra (T6) results in the loss of sympathetic innervation of the adrenal medulla. The effect of the resulting decreased sympathetic outflow in tetraplegic individuals includes depressed circulating epinephrine and norepinephrine plasma concentrations at rest, during and after exercise (19, 20) . If it is the case that the SNS plays only a minor role in the IL-6 response to exercise, then individuals with complete injuries above T6 would be expected to demonstrate elevations in circulating IL-6 concentrations after exercise that are similar to those observed in individuals with an intact SNS (i.e. who are injured at or below T6, or who do not have a spinal injury). However, if this is not the case, a limited IL-6 response in those with injuries above T6 could have important health implications given the proposed metabolic and inflammatory roles of muscle-derived IL-6 in a population with already limited physical capacity.
Paragraph Number 4 Previously Kouda et al. (11) have reported an absence of elevations in plasma levels of IL-6 and epinephrine immediately after 20 min arm-crank exercise in individuals with cervical SCI. Able-bodied controls showed a small, yet significant increase in both measures. However, the short duration and moderate exercise workload of 60% O V  2peak may not have been a sufficient stimulus to induce elevations in plasma IL-6 concentrations within the SCI group. To our knowledge, there is no well controlled research published that has investigated the effect of spinal cord injury above and below T6 on the circulating cytokine response to an acute bout of strenuous exercise. Therefore, the purpose of this study was to determine the effect of complete cervical level SCI (i.e. above T6)
compared with SCI at T6 or below on plasma concentrations of epinephrine, circulating IL-6
and other inflammatory cytokines in response to ~40 min of graded strenuous exercise.
Specifically the responses were assessed in highly-trained wheelchair athletes with differing levels of spinal injury. A group of wheelchair athletes without a spinal injury were also included as a control. We hypothesised that those with SCI above T6 would have an attenuated epinephrine and IL-6 response compared with those with an intact SNS.
Methods

Participants
Paragraph Number 5 Twenty-six elite male wheelchair athletes (8=C6-C7 tetraplegic (TETRA); 10= T6-L1 paraplegic (PARA) and 8= wheelchair athletes without spinal cord injury (NON-SCI)) volunteered to participate in the study. All participants were actively competing in international level wheelchair basketball or wheelchair rugby. A summary of the participants' characteristics is presented in Table 1 . All procedures were approved by the Loughborough University ethical advisory committee and performed in accordance with the Declaration of Helsinki. All participants provided written informed consent prior to the exercise test. All participants were free from infectious symptoms and no incidences of pressure sores were reported.
Experimental protocol
Paragraph Number 6 Participants reported to the laboratory between 0930 and 1130 having been fasted for at least 2 hr. Participants were asked to refrain from strenuous physical activity and caffeine intake 24 hr prior to exercise. On arrival participants completed a health, training and disability questionnaire and body mass was obtained to the nearest 0.1 kg using double-beam seated scales (Marsden MPWS-300, UK). All exercise tests were performed in the participants' competition court sports wheelchair on a motorised treadmill (HP Cosmos, Traunstein, Germany). The treadmill exercise protocol is shown in Figure 1 . Following a 5 min warm up at 1.2 m·s¯¹, participants performed ~6 submaximal constant-load 4-min exercise stages at ascending speeds at a fixed gradient of 1.0%. The protocol was performed according to Goosey-Tolfrey (8) in order to elicit submaximal physiological responses covering a range from 40% to 80% peak oxygen uptake ( O V  2peak ). This was followed by a 15-min passive recovery. A graded exercise test to exhaustion (GXT) was then performed at a constant speed according to the protocol described by Leicht et al. (12) . Briefly, the gradient at the start of the GXT was 1.0% for all subgroups, with subsequent increases of 0.3% every minute for PARA and NON-SCI and 0.1% every 40 s for TETRA to account for the functional differences between groups and ensure a minimum GXT duration of ~8 min (12) .
After the GXT, participants recovered actively at a low intensity (1.2 m·s¯¹) at a 1.0% gradient) for 5 min. Participants then performed a verification test, designed as a test to exhaustion at the same constant speed but 0.3% and 0.1% higher than the maximal gradient achieved during the GXT for NON-SCI/PARA and TETRA respectively (12) . The GXT and the verification test were terminated when participants were unable to maintain the speed of the treadmill. Verbal encouragement was given throughout the test.
Data collection
Paragraph Number 7 Expired air was collected during the last minute of each submaximal stage and analysed using the Douglas bag technique. The concentration of oxygen and carbon dioxide in the expired air samples was determined using a paramagnetic oxygen analyser (Series 1400; Servomex Ltd, Sussex, UK) and an infrared carbon dioxide analyser (Series 1400; Servomex Ltd). Expired air volumes were measured using a dry gas meter (Harvard Apparatus, Kent, UK) and corrected to standard temperature and pressure (dry). Oxygen 
Statistical analysis
Paragraph Number 9 All data were analysed using the statistical package IBM SPSS for 
Results
Paragraph Number 11
The peak physiological and perceived exertional responses for each group are provided in Table 2 . unaffected by exercise in all groups (Fig. 2b) . However, plasma IL-10 concentrations were higher in TETRA and PARA than in NON-SCI (P=0.001for group; ES = 0.45). There were no significant interaction effects or main effects of group and time for plasma concentration of IL-1ra and TNF-α (Figs 2c and 2d ).
Paragraph Number 13
At post-exercise, plasma epinephrine concentrations increased significantly above pre-exercise values in PARA and NON-SCI only (P<0.002 for interaction; ES = 0.45) (Fig 3a) . Plasma epinephrine levels in PARA and NON-SCI were markedly higher than those in TETRA (P<0.001 significantly higher than at pre-exercise (Fig. 3b ). There were no differences between groups at any time point.
Discussion
Paragraph Number 14 The present study examined the effect of spinal cord injury level on the circulating cytokine responses to an acute bout of strenuous wheelchair propulsive and is a result of the attenuated sympathetic drive in this population, with increases in HR during exercise the result of withdrawal of parasympathetic tone (26) .
Paragraph Number 16
In the present study, despite performing exercise of the same relative intensity and duration, available muscle mass was lower in TETRA than PARA and NON-SCI as a consequence of their higher spinal cord lesion level. This difference in active muscle mass could therefore be argued to account for the attenuated IL-6 response. However, data from published literature suggests that even small muscle mass is capable of releasing IL-6.
Using a model of whole body exercise Helge et al. (9) recently reported that IL-6 release relative to lean limb mass is greater from the upper limb compared with lower limb despite a lower oxygen demand and glycogen utilization during upper limb exercise. Furthermore, it has previously been proposed that when performing the same absolute intensity the stimulus for IL-6 release is stronger for a small muscle mass than a larger muscle mass as the force production per unit of muscle is higher (23) . This, together with the data of Helge et al. (9) and the maximal nature of the exercise protocol, support that the attenuated IL-6 response observed here in TETRA cannot be attributed merely to differences in absolute workload.
Paragraph Number 17
The current study describes the circulating IL-6 response to exercise, although it has been shown that post-exercise increases in plasma IL-6 can be almost solely Elsewhere contraction-mediated JNK signalling has been speculated as a primary mechanism for the increased IL-6 expression in contracting muscle over Ca Paragraph Number 20 Previous studies have shown higher resting levels of IL-6 at rest in sedentary individuals with spinal injuries compared with those without SCI and this has been related to risk of future development of chronic long-term inflammatory conditions (11, 25) .
In contrast, in the present study, resting plasma concentrations of IL-6 and the proinflammatory cytokine TNF-α did not differ between the groups at rest. This may reflect the highly-trained nature of the participants in this study. However, one unexpected finding from this study is the higher circulating concentrations of IL-10 in TETRA and PARA compared with NON-SCI. The principal function of IL-10 appears to be to limit and ultimately terminate inflammatory responses and its principle source appears to be regulatory T cells (15) . With this in mind, these data may suggest a strong anti-inflammatory adaptation in these athletes. On the other hand, IL-10 also has inhibitory effects on toll-like receptor expression and macrophage antigen presentation (13, 14) among other inhibitory immune cell actions and thus has the potential to suppress immunity if produced in excess. SCI is associated with depressed immune cell functions (2, 28) and therefore the elevated resting levels of IL-10 may be related to the increased frequency of infections experienced by those with SCI.
Paragraph Number 21
In conclusion, the findings from this study suggest the SNS plays an important regulatory role in the circulating IL-6 response to exercise. 
